ABSTRACT
INTRODUCTION
Using recycled materials is commonly accepted for reducing construction budget and environmental pollution in the asphalt pavement industry. The use of Reclaimed Asphalt Pavement (RAP) has been documented for more than three decades, indicating that RAP is the most recycled material in U.S. [1] . However, the addition of RAP may have a detrimental effect on the mechanical properties of asphalt mixtures due to the oxidized bitumen. Therefore, some road authorities have limited the use of RAP to specific percentages [2] . Most of the research efforts investigating the effect of adding RAP on asphalt mixtures focused on experimental work and performance evaluation [1] [2] [3] . However, the microstructure of RAP mixture as described by the spatial distribution of its components, aggregate, asphalt mastic (and/or bitumen) and air voids, has found limited attention, although Digital Image Processing (DIP) has been used to model conventional asphalt mixtures. DIP analysis was used in the past [4] and more recently to address the microstructural properties and to reconstruct the geometry of asphalt mixture for advanced numerical simulations [5] . A number of authors [6, 7] have also proposed different analysis techniques based on 3D X-Ray Computer Tomography (CT) technology. The microstructural information obtained with DIP techniques can be also used together with high-order microstructure functions, such as n-point correlation functions, to obtain information on the mechanical material properties of the material [8] . It is well known that the spatial distribution of the constituents of a composite material can significantly influence its mechanical properties [8] . In the recent past simplified approaches were used to evaluate the distribution of the asphalt mixture phases and to estimate the representative volume elements [9] ; nevertheless, a robust and practical solution is needed to evaluate the influence of recycled materials in the mixture.
OBJECTIVE AND RESEARCH APPROACH
In this paper, 2D scanned Red Green Blue (RGB) scale images of asphalt mixture and advanced DIP analyses are used in combination with higher order statistical functions, such as 2-ad 3-point correlation functions, with the objective of investigating the effect of adding different amounts of RAP on the microstructure of asphalt mixtures. To achieve such a goal, the following research approach was conceived:
 Obtain extensive information on aggregate, asphalt mastic and air voids structure of asphalt mixture beam specimens, based on simple digital scanning.  Determine a 2D three-phase (aggregate, asphalt mastic and air voids) representation of asphalt mixture using DIP techniques.  Estimate 2-and 3-point correlation functions of the three material phases.  Calculate and compare the values of Auto Correlation Length (ACL) of the material phases.
MATERIAL AND PREPARATION OF SPECIMENS
Twelve mixtures, prepared and compacted in the asphalt pavement laboratory at University of Minnesota were used in this study (Table 1) [10].
Table 1: Asphalt mixtures
The mixtures were prepared using a PG58-28 unmodified bitumen and PG58-34 polymer modified bitumen, two air voids levels (4% and 7%), and three RAP contents (0%, 25%, and 40%). Asphalt cylindrical samples were prepared with a Superpave Gyratory Compactor (SGC) and five mixture slices, with the radius of 75.0±10.0mm and thickness of 12.7±0.5mm, were cut from each cylinder. Then, from each slice, ten asphalt mixture beams with dimensions of 102±10.0mm × 12.7±0.5mm × 6.35±0.5mm (the specimen size for BBR mixture creep testing [11] ), were cut to ID Group Bitumen Target Air Voids (%) RAP (%) VMA (%) V air (%) V mastic (%) NMAS (mm) 1 (%) were measured in the laboratory generate 2D three-phase asphalt images. For DIP analysis, all beam sides: top, bottom, right and left, were used. For 2-and 3-point correlation function estimation, only the top and bottom sides (102±10.0mm×12.7±0.5mm) were considered.
IMAGE ANALYSIS OF ASPHALT MIXTURE

Digital image processing: overview
The internal structure of random heterogeneous materials, such as asphalt, can be described as a two dimensional independent function, f(x, y), where f indicates the function of color intensity and x and y are the coordinate of the specific pixel in the image [12] . In the present research, a flat-bed scanner was used to obtain 2D images of asphalt in RGB format. The resolution was limited to 720dpi since this is sufficient to detect filler particles (75μm). Then, MATLAB TM [13] was used to convert RGB images of asphalt into 8 bit gray-scale images having color intensity from 0 (black) to 255 (white) with reduced noise levels ( Figure 1 Three-phase asphalt mixture images, accounting for aggregate, asphalt mastic and air voids, were generated using the values of the Voids in the Mineral Aggregate (VMA) and a series of DIP steps including global thresholding [9] . This technique was applied to asphalt slices (3,540 × 3,540 pixels) and to 600 (=12×5×10) asphalt mixture BBR beams [11] obtained from the mixture slices. Based on this process two threshold level, T1 and T2, corresponding to air voids and asphalt mastic, respectively, were identified and used to finally generate the three-phase asphalt representations. In the recent past, a number of threshold algorithms for the segmentation of aggregate, asphalt mastic and air voids were proposed [7, 9 and 14] . In this study simple DIP analysis and volumetric data, were used to generate three-phase asphalt images. A total five asphalt slices were prepared from each mixture set [6, 10] . The following procedure was prepared for computing the two threshold values, T1 and T2:  In the digital image (gray scale) of asphalt, the air voids component was assumed to take the darkest part in the color intensity range. Therefore, the threshold value for air voids, T1, was computed in the range from 0 to T1 (0<T1<255) based on the volume fraction of air voids, Vair, experimentally obtained (Table 1) . For example, for Mixture 1, Vair=6.10%. Using this value, the implemented MATLAB TM code can find the maximum color intensity number T1 for which air voids take approximately 6.10% of the entire image.  Similarly, the threshold value of asphalt mastic, T2, was obtained in a range from 0 to T2 (0<T1<T2< 255) based on the results of VMA (Table 1) . Then, the volume fraction of asphalt mastic was calculated as Vmastic=VT2-VT1. It should be mentioned that because of the irregular wall surface of the SGC asphalt cylinder and to avoid misleading results on air voids, images with reduced slice radius (radius-5mm) were used for computing the two threshold values T1 and T2. Table 2 list the computed average threshold values, while an example of three-phase asphalt slice images are presented in Figures 2. In Table 2 , the low values of the Coefficient of Variation (CoV<10%, max=7.45%) provide evidence that the asphalt slices present similar volume fractions of aggregate, asphalt mastic and air voids. In the generated three-phase images shown in Figure 2 (right picture), the green color represents the background, the cyan color indicates air voids, the violet color corresponds to asphalt mastic and the black color denotes the aggregates
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Bitumen type (bigger than 75μm); a red circle in the RGB scale image (left picture) defines the portion of image used in the DIP analysis.
Three-phase representation of asphalt beams
A three-step procedure was followed to generate three-phase asphalt beam images (2600×294×147pixels) through DIP:  From the asphalt slices, 600 asphalt beams were cut and a total of 2400 (=12×5×10×4) images were used for DIP analysis.  First, the threshold T1 was applied to the gray-scale converted image to generate the air voids phase; all the pixels with a value lower or equal to T1 (T ≤ T1) were converted into cyan color indicating the air voids.  Then, the second threshold T2 was used to identify asphalt mastic. All the pixels with color intensity, T, in the interval T1 < T ≤ T2 were converted into violet color indicating asphalt mastic. Table 3 shows the computed results of the average VMAd, Vair_d and Vmastic_d for the three-phase asphalt beam images ( Figure 3 ). The use of volumetric parameters for generating three-phase images of asphalt beams provides accurate visual images in comparison with the original RGB images. Table 3 indicates that for conventional asphalt (mixtures 3, 6, 9, 12), similar VMAd, Vair_d and Vmastic_d can be found in the generated three-phase images in comparison with the experimental VMA , Vair and Vmastic (Table 1) ±1.1% for RAP 25% and ±2.5% for RAP 40% mixtures). This can be explained with the darker color of the RAP aged bitumen which is only partially blended with the virgin bitumen. This does not affect VMAd, but only Vair_d and Vmastic_d with larger error for higher RAP amounts. Similarly to the asphalt slices, low CoV (max=12.5%) were observed suggesting that the asphalt beams have similar volume fraction of aggregate, asphalt mastic and air voids even though larger differences would be expected when considering smaller material quantity as in the case of BBR specimens.
Therefore, it appears that the proposed DIP technique can be also potentially used to generate detailed geometry for numerical simulations such as Finite Element Method (FEM) and Discrete Element Method (DEM).
NUMERICAL ESTIMATION OF CORRELATION FUNCTIONS
n-point correlation function
Correlation functions provide statistical information on how much different points in a material, located at specific positions affect each other. In case of random heterogeneous materials, higher-order microstructural information is critical for understanding the material behavior and several functions, such as the n-point correlation functions and surface correlation functions, can be used for such a purpose. Among these functions, the 2-and 3-point correlation functions are selected because of their simplicity [15] [16] [17] [18] .
The n-point spatial correlation function measures the probability of finding all n points located on the space occupied by one of the phases of a heterogeneous material [16] . For instance, the 1-point correlation function, S1, measures the probability that any point lies on phase 1 and this corresponds to the volumetric fraction of phase 1. The 2-point correlation function, S2, calculates the probability that two points separated by a certain distance are located both in the same phase. Similarly, the 3-point correlation function, S3, computes the probability that all the vertices of one triangle are located in the same phase.
The n-point correlation functions of a two-phase random heterogeneous material in a d-dimensional Euclidian space, Rd, were defined as [17] :
where is the ensemble averaging and ) ( The n-point correlation function shows a translationally invariant characteristic for a statistically homogeneous material. Therefore, the function depends on the differences in the coordinate values of the xi vectors [17] and, hence, the origin of the coordinate system is not an important factor. The n-point correlation function can also be expressed as:
where xij = xj-xi is the difference between the two vectors xj and xj, and x1 is the selected reference vector. The 1-point correlation function represents the volume fraction ϕi of the selected i th phase, is constant and it is the probability that a randomly selected point in the whole matrix belongs to i th phase:
The 2-and 3-point correlation function can be defined, respectively as [17] :
If the material contains a translationally invariant isotropic characteristic, the 3-point correlation function can also be written as: 
where r1=x2-x1 and r2=x3-x1 are vectors, and u12 is the cosine of the angle θ12 between vectors r1 and r2. If the microstructure of the material does not present long range order, the initial value of 2-and 3-point correlation function is ϕi (r=0), while, for very large r (r→∞), it reaches the asymptotic limits of ϕi 2 and ϕi 3 , respectively. The n-point correlation function can describe the microstructure of random heterogeneous materials such as asphalt mixtures; however, the computation process is complicated and, therefore, a convenient numerical solution is needed [17] . 
Numerical approach to the 2-point correlation function
In the past a discretized version of the 2-point correlation function which can estimate S2 from digital image of size M×N pixels was proposed [17] . However, this solution was found to require large or, sometimes, prohibitive computation times for high resolution images. Therefore, a simplified computation algorithm [9, 11] based on Monte Carlo simulation and on a simple MATLAB TM [13] code was used in this study. Figure 4 shows the schematic of the 2-point correlation function computation.
Figure 4: Schematic of 2-point correlation function calculation
First, two random points p1 and p2, are generated; the two points are the end points of a segment of length k which forms a randomly generated angle θ with the horizontal line. The points are iteratively generated and the number of hits for which the two points are located in the same phase (aggregate, asphalt mastic or air voids), Nk-hits, is recorded for each k, respectively. Finally the 2-point correlation function is computed as:
where Ntotal is the total number of drops at each k. Based on previous research [9] , Ntotal in the order of 100,000 was used to obtain reliable results. To further reduce computation time from 3 hours to 2 minutes per calculation, the value of k was limited within a range 0 to M/2.5 (5mm) [9, 19] . In total, 15 top and bottom sides of each three-phase asphalt mixture beam images (2600×294 pixels corresponding to 102×12.7 mm), were randomly selected per each mixture set to run the 2-point correlation function simulations. The summaries of the 2-point correlation computation of the aggregate phase results are listed in Table 4 . Figure 5 present the curves of average 2-point correlation function for all four groups of asphalt mixtures (Table 1) . This indicates that no significant differences in the microstructure were found up to 40% of RAP content. It can be also observed that low errors (max=2.45% for Mixture 3, aggregate phase) and CoV (max=4.80% for Mixture 12, aggregate phase) were detected, which indicates good results repeatability.
Numerical approach to the 3-point correlation function
The 2-point correlation function can provide non trivial information about the material properties based on its microstructure. However, when clustering and/or connected path has to be investigated, higher order microstructural information can be obtained using 3-point correlation function [8] . Similarly to the 2-point correlation function, the use of brute-force method is highly discouraged. To calculate 3-point correlation function, a method using a set of symmetric triangles based on the Monte Carlo simulation [16] was applied. Figure 6 shows the schematic of 3-point correlation function computation used in this paper. For an isotropic and statistically homogeneous material only size and shape of triangle have significant effect in 3-point correlation computation. The sets of triangle used for the calculation of 3-point correlation functions are defined by three integers: l, m and n ( Figure 6 ) which are related by the following conditions: In this study, the triangles of the same symmetric shape and having different sizes (0mm < l ≤ 5.2mm) were used. This restricted analyses cannot fully validate the entire computation of 3-point correlation functions, but this method can reduce the computing time from 4~5 hours to 2~3 minutes per each simulation [9] still providing important information. Similarly to the 2-point correlation function, top and bottom surfaces of three-phase asphalt beam images were used. A MATLAB TM [13] code was written for the 3-point correlation function. Each triangle defined by the integer coordinate, (l, m, n), was dropped in the generated three-phase asphalt image. Then, the number of hits, Nl_hits, was counted when all the three points were dropped in the same phase. A total of 100,000 vector drops, Ndrops, were applied to each triangle length, l. Finally, the 3-point correlation functions for the aggregate, asphalt mastic and air-voids phase were computed as:
The summary of the 3-point correlation computation of the aggregate phase is listed in Table 5 . Figure 7 presents the curves of average 3-point function estimation for all four groups of estimated asphalt listed in Table 1 . Table 6 . From Table 6 , it can be first observed that the values of ACL increased with respect to the three phases: aggregate, asphalt mastic and air voids. This means longer computational times are needed for eliminating random events in lower volume fraction components (i.e. asphalt mastic and air voids phases) in comparison with the aggregate phase. Secondly, all the calculated ACL from 7% target air void mixtures showed larger values in comparison with the calculated ACL from 4% target air void mixtures. This is due to different compaction effort used for specimen preparations. Thirdly, RAP mixtures showed higher values of ACL in comparison with the standard mixtures. This indicates larger RVE dimensions for evaluating the mechanical properties of recycled mixtures are needed. In addition, the maximum value of ACL was 4.872mm (Mixture 7) which is smaller than the thickness (=6.35mm) and width (=12.70mm) of BBR creep asphalt specimen. It is worth noting that the Auto Correlation Length (ACL) can be used to measure the distance over which two points can be treated as independent in the specific random process [20] . Based on this property other authors [21] associated the Auto Correlation Length (ACL) with the estimation of the dimensions of the RVE of the material. Therefore, BBR beam can be assumed to be large enough for obtaining the asphalt low temperature creep properties. 2-and 3-point correlation functions 
CONCLUSIONS
In this paper, the difference in microstructure between conventional and recycled asphalt mixtures was investigated based on spatial distribution information of aggregate, asphalt mastic and air voids phases using advanced 2D DIP analysis technique. Three-phase asphalt images were generated based on volumetric information. It was found that these generated three-phase images can provide more accurate and realistic image of asphalt which indicates these images can be used for generating accurate geometry in FEM and DEM simulation for a follow-up research. Estimations of 2-and 3-point correlation function were performed on aggregate, asphalt mastic and air voids phases of the generated three-phase asphalt beam images. All the mixtures showed no fluctuations in the 2-and 3-point correlation functions. Based on this result, it can be concluded that the addition of RAP into conventional asphalt up to 40% does not significantly affect the spatial distributions of the material phases even though increase of ACL were observed. Therefore, the significant differences in mechanical performances of RAP mixtures are only partially related to the changes in aggregate, asphalt mastic and air voids spatial distribution in the asphalt mixture. The images resolution used in this research does not provide an accurate estimation of the fine particles in the asphalt. However, based on this advance DIP technique and on 2-and 3-point correlation function, more detailed microstructure information of asphalt mixtures can be obtained. In addition the proposed analysis procedure may be potentially used by practitioners to evaluate the asphalt in the pavement for forensic controls. The volumetric properties established during mix design can be relatively quickly verified and modification in the mixture preparation may be performed when required.
